Hyperinsulinemia may contribute to hypertension by increasing sympathetic activity and vascular resistance. We sought to determine if insulin increases central sympathetic neural outflow and vascular resistance in humans. We recorded muscle sympathetic nerve activity (MSNA; microneurography, peroneal nerve), forearm blood flow (plethysmography), heart rate, and blood pressure in 14 normotensive males during 1-h infusions of low (38 mU/m2/min) and high (76 mU/m2/min) doses of insulin while holding blood glucose constant. Plasma insulin rose from 8±1 uU/ml during control, to 72±8 and 144±13 MtU/ml during the low and high insulin doses, respectively, and fell to 15±6 gU/ml 1 h after insulin infusion was stopped.
Introduction
Hyperinsulinemia may contribute to increased sympathetic activity and arterial pressure (1) (2) (3) (4) . For example, epidemiological data indicate a close association between obesity, insulin resistance, hyperinsulinemia, and hypertension (5, 6 ). In addition, there is evidence that humans with essential hypertension have insulin resistance and hyperinsulinemia even in the absence of obesity (7) . Treatment of hypertension does not reverse the insulin resistance, suggesting that insulin resistance and hyperinsulinemia are not secondary to elevated arterial pressure (8) .
Experimental data also associate hyperinsulinemia and elevated pressure. In rats, Edwards and Tipton (9) reported a dose-dependent relationship between increases in insulin (with euglycemia) and increases in arterial pressure. Hyperinsulinemia produced by feeding rats sucrose or fructose has been associated with elevated catecholamine secretion and arterial pressure (10, 11) .
In normotensive humans, Rowe et al. (12) reported that infusing insulin while maintaining normal blood glucose levels (hyperinsulinemic/euglycemic clamp) resulted in dose-dependent increases in plasma norepinephrine levels. In addition, elevating plasma insulin levels to 400-500,uU/ml significantly increased arterial pressure.
Elevated plasma norepinephrine during insulin infusion could reflect increased sympathetic nerve activity, facilitated norepinephrine release from nerve terminals, decreased neuronal reuptake, or altered peripheral metabolism of norepinephrine (13) . Experiments in animals demonstrate that insulin can increase sympathetic neural outflow by altering glucose metabolism in ventromedial hypothalamic neurons (14) . An effect of insulin on central neural outflow in humans is suggested by observations of Berne et al. (15) . They reported that oral ingestion of 100 g D-glucose produced increases in muscle sympathetic nerve activity that correlated with increased plasma insulin levels.
This study was designed to determine (a) whether acute elevations in plasma insulin increase sympathetic nerve activity to skeletal muscle in the absence of hypoglycemia and (b) if changes in sympathetic activity were accompanied by corresponding changes in vascular resistance. We directly recorded muscle sympathetic nerve activity and measured forearm blood flow and vascular resistance in normotensive volunteers during two sequential doses of insulin infusion, while maintaining blood glucose at control levels (euglycemic clamp).
The distinctive feature of this study was the measurement of sympathetic nerve activity and forearm vascular resistance during elevations of plasma insulin to within the postprandial physiological range with constant blood glucose levels. Three criteria indicated acceptable recordings of muscle sympathetic nerve activity. First, electrical stimulation (2-3 V, 0.2 ms, 1 Hz) through the electrode in the nerve elicited muscle contractions but not paresthesias in the distal extremity. Second, tapping or stretching innervated muscle elicited afferent mechanoreceptor discharges, whereas stroking the skin did not. Third, the neurogram revealed spontaneous, intermittent, pulse-synchronous bursts that increased during held expiration and the Valsalva maneuver. Evidence that this activity represents efferent sympathetic nerve activity includes: (a) interruption of the activity by local nerve block proximal, but not distal, to the recording site; (b) elimination of activity by ganglionic blockade; and (c) a conduction velocity approximating I m/s (17, 18) . Neurograms with cutaneous sympathetic activity (assessed by the response to arousal stimuli which elicit single bursts of cutaneous sympathetic activity) were rejected.
Methods
Hyperinsulinemic/euglycemic clamp. Insulin (Humulin; Eli Lilly & Co., Indianapolis, IN) diluted in saline with 1 ml ofsubject's blood was infused by digital infusion pump (Bard Medsystems, North Reading, MA). Infusion rates were targeted to produce low (75 MU/ml) and then high (150 MU/ml) plasma insulin levels. Each was maintained for 1 h at either level. The 75-MU/ml level was attained according to the technique of De Fronzo et al. (19) with an initial 10-min priming infusion followed by 50 min ofinfusion at 38 mU/min per M2. The 150-MU/ml plasma insulin level was achieved by a 10-min priming infusion followed by 50 min of infusion at 76 mU/min per M2.
Blood glucose levels were maintained at control levels by variable infusion of 20% dextrose diluted in saline using an infusion pump (Flo-Gard 6200; Travenol Laboratories, Deerfield, IL). When the insulin infusion was stopped, the glucose infusion was tapered until no longer required to maintain normal glucose levels.
Procedures
Subjects were placed in the supine position and instrumented for measurement of heart rate, blood pressure, and respiration. Intravenous catheters were placed in the right and left antecubital fossae for (a) insulin/glucose infusion, (b) obtaining blood for glucose, insulin, and catecholamine analysis, and (c) measurement of central venous pressure. Forearm blood flow was measured in the right arm. A satisfactory sympathetic nerve recording site was then achieved. After instrumentation, 20 min of control measurements were taken. The hyperinsulinemic/euglycemic clamp was then performed as described above. Sympathetic nerve activity and hemodynamic measurements were recorded for 5 ofevery 10 min throughout the study. Plasma norepinephrine and epinephrine were measured during control and after 50 min of both low and high dose insulin, and after 50 min ofrecovery. Plasma potassium levels were measured during control and at the end of the study.
Assays
Blood glucose was analyzed by YSI glucose analyzer (model 27; Yellow Springs Instruments, Yellow Springs, OH). Plasma insulin levels were measured in duplicate using the radioimmunoassay described by Yalow and Berson (20) . Inter-and intra-assay coefficients of variation were 9.4 and 5.3%, respectively.
Plasma norepinephrine and epinephrine were assayed by HPLC with electrochemical detection using a Biophase ODS column (Bio Analytical Systems, West Lafayette, IN). In our laboratory this assay has a detection threshold of 18 pg/ml and inter-and intra-assay coefficients of variation of 7.7 and 7.1%, respectively.
Statistical analyses
Sympathetic neurograms and electrocardiograms were recorded on a physiological recorder (model 2800S; Gould Inc., Cleveland, OH) at a paper speed of 5 mm/s. Sympathetic bursts were identified by inspecting mean voltage neurograms. Burst amplitude was measured by inspection. Sympathetic nerve activity was expressed as bursts per minute and as integrated activity (bursts/min X mean burst amplitude; expressed in arbitrary units). In our laboratory, interobserver and intraobserver variabilities in identifying bursts average 5.4±0.5% (range 0-20%) and 4.3±0.3% (range 0-14%), respectively (21, 22) .
Forearm blood flow was expressed as ml/min per 100 ml forearm volume. Forearm vascular resistance was calculated by dividing mean arterial pressure by flow and is expressed in units.
The 5 min of data for sympathetic nerve activity, blood pressure, heart rate, and forearm blood flow collected every 10 min were averaged to a single value. Plasma insulin and blood glucose levels were determined only every 5 min.
Data were analyzed by repeated-measures analysis ofvariance (AN-OVA) using planned contrasts (control vs. the two insulin infusion periods and the recovery period). Post hoc comparisons were made by Least Squares Means procedure. A 0.05 level of significance was used for statistical tests. Data are presented as mean±SE.
Results
Blood glucose andplasma insulin (Fig. 1 ). Blood glucose levels averaged 82±1.5 mg/dl during the control period (Fig. 1 ). The maximal variation in blood glucose was 6.7 mg/dl (8%) and 10.0 mg/dl (12%) during the low and high doses of insulin, respectively. Blood glucose levels did not fall during insulin infusion, but the mean value fell below control values during recovery as glucose infusion rate was tapered. Six subjects had blood glucose values of 65 mg/dl or less (mild hypoglycemia) during recovery, while eight subjects remained above that level throughout recovery.
Plasma insulin averaged 7.6±0.9 MU/ml during control, 72±8 MU/ml during the 1-h low dose insulin infusion (P < 0.001), and 144±13 ,U/ml during the high dose ofinsulin (P < 0.001 vs. low dose). Insulin levels fell to 15±6 gU/ml at the end of the recovery period (P < 0.01 vs. control).
M values (mg/kg per min of metabolized glucose), calculated from glucose infusion rates during minutes 20-60 ofboth low and high doses of insulin infusion, were 7.5±0.9 and 11.5±1.1 respectively. Figure 1 . Plasma insulin levels (top) and blood glucose (bottom) during hyperinsulinemic/euglycemic clamp. Target insulin levels of 75 and 150 ,U/ml were maintained for 1 h each followed by 1-h recovery. Insulin levels fell during recovery but remained significantly above control levels. Blood glucose was maintained within 12% during insulin infusion. Blood glucose fell below control levels during recovery as glucose infusion was gradually stopped.
During the low dose insulin infusion, MSNA rose significantly (P < 0.001; Fig. 3 ). Follow-up analyses revealed that MSNA did not increase significantly until 20 min after beginning insulin. There was a significant (P < 0.001) linear increase in MSNA during the 1 h of the low dose. During the high dose insulin infusion, MSNA continued to rise and significantly (P < 0.001) exceeded levels attained during the low dose insulin (Fig. 3) . As during the low dose of insulin, there was a significant (P < 0.05) linear increase in MSNA during the 1 h of the high dose.
MSNA continued to rise during recovery and significantly (P < 0.001) exceeded levels during the high dose of insulin. Plasma catecholamines andpotassium. Plasma norepinephrine, measured in 10 subjects, rose from 199±19 pg/ml during control to 258±25 (P < 0.02) and 285±95 pg/ml (P < 0.01) after 50 min of the low and high doses of insulin, respectively (Table I) . Norepinephrine levels remained elevated (316±23 pg/ml) after 50 min of recovery (P < 0.01). Plasma epinephrine levels (28±5 pg/ml during control) did not increase significantly during low or high dose insulin infusion (35±6.7 and 33±5 pg/ml, respectively). Epinephrine levels increased to 62±15 pg/ml during recovery (P < 0.05 vs. control) but with marked variability across subjects. This variability may have reflected the mild hypoglycemia in some subjects while glucose infusion was tapered.
Serum potassium levels fell slightly from 3.9±0.01 meq/ liter during control to 3.6±0.01 meq/liter at the end of insulin infusions (P < 0.01) but remained within the normal range.
Bloodpressure, central venouspressure, and heart rate (Fig.  4) . Systolic blood pressure (SBP) did not change significantly during the low dose of insulin (Fig. 4) . In contrast, both diastolic blood pressure (DBP) and mean arterial pressure (MAP) declined slightly (-3-4 mmHg) but significantly (P < 0.001). The decrease in DBP was significant within 10 min of starting the insulin infusion as determined by followup analyses.
During the high dose of insulin both DBP and MAP remained significantly (P < 0.001) below control values while SBP did not differ significantly from control.
During recovery, SBP was not significantly different from control. However, both DBP and MAP remained below control levels throughout recovery (P < 0.001).
Heart rate rose significantly during the low and high doses of insulin (P < 0.001 vs. control). Followup tests indicated no significant increase until 20 min into the low dose insulin infusion. Heart rate remained significantly above control values during recovery and exceeded levels observed during high dose insulin infusion (P < 0.01).
As measured in five subjects, central venous pressure decreased from 4.6±0.7 mmHg during control to maximum lows of 3.8±0.8 mmHg during both low and high doses of insulin and 3.7±1.2 mmHg during recovery. While the mean decline was significant (P < 0.05), central venous pressure increased slightly in two of the five subjects (+ 1.3 and +0.8 mmHg).
Forearm bloodflow and vascular resistance (Fig. 5) . Fore- arm vascular resistance, three subjects returned for measurement of forearm blood flow and vascular resistance while receiving an infusion of normal saline in the volume and timing they received during insulin clamp session. Volume infusion was not accompanied by appreciable changes in blood pressure, forearm blood flow, and resistance, specifically: mean blood pressure increased by 3.3±1.5 mmHg; forearm blood flow increased by 0.5±0.2 ml/min per 100 ml; and forearm vascular resistance decreased by -3.5±1.1 U over the 3-h volume infusion experiments. The reduction in resistance during vehicle infusion was considerably less than that observed during insulin infusion.
Discussion
The major new finding ofthis study is that in normal humans, acute increases in plasma insulin levels within the physiologic range produced substantial increases in muscle sympathetic nerve activity but caused vasodilation in the forearm and lowered diastolic blood pressure. These effects were observed in the absence of hypoglycemia. Potential limitations ofstudy. We did not perform a separate time and vehicle control experiment for all subjects. However, time and vehicle would not seem to account for the findings. First, in three subjects, infusion of vehicle in the amounts used during insulin clamp study did not change forearm blood flow or vascular resistance. Second, in previous studies in our laboratory, MSNA recorded over similar time periods was not accompanied by the significant increases in MSNA seen in this study (20, 21) . Finally, increase in blood volume associated with vehicle infusion should reflexly decrease, not increase, MSNA.
We measured blood flow and vascular resistance in the forearm while MSNA was recorded in the leg. While MSNA, recorded simultaneously from the radial nerve (arm) and peroneal nerve (leg), is remarkably similar under most conditions (20) , differences have been reported under a few conditions such as mental stress (21) . Thus, we cannot exclude the possibility that insulin differentially effects MSNA or vascular resistance in arm and leg.
Finally, we recorded sympathetic nerve activity to muscle and cannot extrapolate the results to sympathetic nerve activity to other vascular beds.
Mechanisms of increases in MSNA. Possible mechanisms for the effects of insulin on MSNA include (a) altered blood glucose, (b) baroreflex mediated increases secondary to decreases in blood pressure, and (c) central nervous system actions.
Changes in blood glucose cannot explain the increased MSNA during infusion ofinsulin. Except during recovery, glucose levels never fell below control values. While blood glucose during the high insulin dose significantly exceeded control values, this slight elevation would not appear to account for increased MSNA during infusion of insulin for two reasons. First, MSNA increased during the low insulin dose when blood glucose values remained constant. Second, Berne et al. (13) have reported that intravenous administration of D-glucose does not markedly increase MSNA in humans.
There were small and inconsistent changes in central venous pressure during insulin. Decreases in central venous pressure can increase MSNA by decreasing cardiopulmonary baroreceptor inhibition of MSNA. However, in three subjects, MSNA increased during insulin despite no change or an increase in central venous pressure.
Diastolic blood pressure fell -4 mmHg during insulin infusion. Decreases in diastolic pressure can cause baroreflexmediated increases in MSNA. Thus, the increases in MSNA may represent reflex increases secondary to vasodilation and the slight fall in diastolic pressure. However, several observations suggest that the slight decrease in diastolic pressure is not the sole mechanism for the increased MSNA during insulin. First, there was a lack of parallelism between the changes in blood pressure and MSNA. Specifically, diastolic pressure decreased within 10 min of the low dose insulin infusion while MSNA and heart rate remained at control levels. Second, diastolic pressure did not decline further after the low dose of insulin while MSNA continued to increase. Third, the change in MSNA expressed as a percentage increase per mmHg reduction in diastolic pressure (+46%) exceeds that previously observed during similar reductions in pressure induced by nitroprusside infusion (22% and 16%) (23) .
A third possible mechanism for the increases in MSNA is a direct, central neural action of insulin. There is considerable evidence for central neural actions of insulin (2, (24) (25) (26) . Insulin-specific binding sites have been located in the hypothalamus of the rat brain (25) , and intraventricular injections of insulin have been shown to increase CNS catecholamine turn-2250 over (26) . Pereda et al. (27) have shown that infusing insulin into the carotid arteries of dogs, at doses which have no effect when administered systematically, elevate arterial pressure.
Thus, while increases in plasma insulin produced substantial increases in MSNA, the precise mechanisms of the increases in MSNA are not clear and may include baroreflex mechanisms and central neural actions of insulin.
MSNA continued to increase for the one hour recovery after insulin infusion while insulin concentrations were declining. This parallels the report of a continuing rise in plasma norepinephrine levels 30 min after a similar infusion level (12) . There are several possible explanations for this prolonged elevation in MSNA. Insulin may be acting through a nonvascular "third" compartment (28) or may have persisting actions on intracellular events that stimulate MSNA such as glucose metabolism. In addition, hypoglycemia occurred during the recovery period and may have contributed to the increases in MSNA during the recovery period. The possible contribution of hypoglycemia in the recovery period is supported by the rise in plasma epinephrine levels during the recovery period.
Mechanisms ofvasodilation. Possible mechanisms of forearm vasodilation observed in this study include (a) a direct local dilator action of insulin and (b) indirect humoral or neural effects of insulin.
A direct, local action of insulin is suggested by the reports that insulin is a nonendothelial-dependent dilator in canine carotid arteries (30) . In humans, Creager et al. (30) reported that local intraarterial infusion of insulin caused dose-dependent increases in forearm blood flow and decreases in forearm vascular resistance, consistent with a local dilator action.
However, others have found no evidence for a local vasodilator action of insulin. Natali et al. (31) studied forearm vascular responses to local brachial arterial infusion of insulin. Despite increasing forearm plasma insulin levels to -125 ,U/ml, forearm blood flow and vascular resistance did not change. Similarly, Chrisholm et al. (32) reported no change in forearm blood flow during local infusion of insulin in humans.
In summary, the evidence supporting a direct vasodilator effect of insulin is conflicting.
Possible indirect mechanisms underlying the vasodilation during systemic infusion ofinsulin include humoral and neural mechanisms. Hypoglycemia stimulates adrenal medullary epinephrine release. In addition, insulin has been reported to produce beta-adrenergically-mediated vasodilation (30) . While insulin might produce vasodilation by releasing epinephrine and stimulating beta-adrenergic vasodilator mechanisms in skeletal muscle, plasma epinephrine did not increase during insulin infusion in our study. Plasma epinephrine increased during recovery in our study as glucose infusion was tapered, but because this was not associated with a further increase in forearm blood flow, circulating epinephrine would not explain the forearm vasodilation during insulin in our study.
Insulin infused systemically could conceivably promote vasodilation by promoting the release of circulating vasodilator substances besides epinephrine. This possibility has not been tested in this study.
Insulin might also promote vasodilation by activating sympathetic neural vasodilator pathways to skeletal muscle. The increased sympathetic nerve activity to muscle during insulin was at least partly sympathetic vasoconstrictor because increased nerve activity was accompanied by increases in plasma norepinephrine. However The effect of elevated blood glucose alone was not evaluated in this study. However, Berne et al. (15) reported that intravenous glucose administration did not elevate sympathetic nerve activity. In contrast, oral glucose did increase sympathetic activity. They hypothesized that insulin was responsible for elevated nerve activity because intravenous glucose (which produced transient increases in blood glucose) did not produce marked elevations in plasma insulin, whereas oral glucose increased plasma insulin markedly. Thus, elevated blood glucose per se does not appear sufficient to trigger increases in sympathetic nerve activity, and blood glucose was maintained constant during insulin infusion in this study.
In summary, this study suggests that in normal humans, increases in plasma insulin produce both pressor (increases in sympathetic nerve activity and norepinephrine) and depressor (vasodilation) actions. With acute increases in plasma insulin within the physiologic postprandial range, these opposing actions appear relatively balanced so that arterial pressure does not increase, indeed it declines slightly.
These observations do not exclude a possible role for hyperinsulinemia in promoting increases in arterial pressure. We speculate that there are several mechanisms by which hyperinsulinemia could contribute to hypertension. First, with higher concentrations of plasma insulin, as might occur in insulin resistant subjects, the pressor actions ofinsulin might predominate as suggested by the study ofRowe, et al. (12) . Second, with insulin resistance which attends android obesity and/or essential hypertension, the balance between the pressor and depressor actions of insulin could be altered in favor of a pressor action. In this regard, Lakkso et al. (37) have reported that obese subjects with insulin resistance have attenuated limb vasodilator responses to insulin. In addition, a recent study from our laboratory indicates that spontaneously hypertensive rats have exaggerated adrenal nerve responses to increases in plasma insulin in the absence of hypoglycemia (38) . Third, chronic trophic actions ofinsulin could promote structural vascular changes that contribute to hypertension. However, our study suggests that acute increases in plasma insulin do not increase arterial pressure in normal humans.
Conclusion
This study indicates that in normal humans, acute increases in plasma insulin within the physiologic range and with constant blood glucose increase sympathetic neural outflow to skeletal muscle but reduce forearm vascular resistance and do not increase arterial pressure.
